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Abstract
This paper presents a dynamic model of a twin-cylinder internal combustion
engine, with focus on balancing the shaking forces and moments. The
model will consider five geometry changes to effect second order vibration
and nine different engine configurations to reduce first order vibration. An
engine that has low vibration is extremely important for both longevity and
usability. In order to know how to reduce vibration, we will first study the
theory behind internal combustion engine vibration and how to calculate
shaking forces and moments. We will follow with utilizing CAE tools, such
as FEV Virtual Engine, to simulate engine dynamics. The proposed
simulations will allow us to analyze the influence of engine configuration as
well as effects of changing components such as piston mass to alter vibration
characteristics. Our results will show how the addition of a balance shaft
can greatly lower vibration. How choosing a configuration to fit the
application can effect vibration, such as a 90o Vee twin with naturally low
vibration. Or even how lowering piston mass can reduce shaking, F=ma.
Every engine must be designed with balance in mind lest it shaking apart.

xv

Balancing an internal combustion engine has been studied since the first
engine made, with new methods and solutions being developed every year.
We will continue this research with the use of CAE tools to design the best
twin cylinder engine for our application.

xvi

CHAPTER I
INTRODUCTION
1.1 Overview
All mechanical systems that are subject to time-varying disturbances
encounter vibrations. In order to design and operate mechanical equipment,
one must first predict and control those disturbances. The most common
variables measured on a vibrating structure are mode shapes, accelerations,
and displacements. These parameters are very important in building a
machine that is comfortable for the operator. This is no different for internal
combustion engines. In fact, an internal combustion engine can be the best
opportunity to reduce or heighten vibrations.
Internal combustion engines are found in the majority of items that allow us
to enjoy life [1]. They are found in everything from our automobiles to our
lawn care equipment. Some of the most common engines used today are of
the single or twin cylinder configuration. These small engines are often
placed in smaller equipment or vehicles and have the potential to be used by
an operator for hours at a time. The majority of these internal combustion
1

engines are of the reciprocating piston type. One particular type that we will
focus on in this work is the twin cylinder engine.
Some of the most common places for a twin cylinder engine configuration
are in a motorcycle, snowmobile, atv, mower, etc. This is due to the overall
packaging, performance characteristics and maintainability. Engine of the
reciprocating piston type produce a lot of vibration [2]. To eliminate as
much vibration as possible, a balancing system is often needed [3]. If the
engine is not balanced internally, the forces will pass from the piston
through the connecting rod and into the crankshaft. At that point, they will
transfer through the main bearings and onto the crankcase. From the
crankcase they pass into the frame through the engine mounts and lastly to
the rider in the case of motorcycle application. The rider can then feel these
forces as an annoyance or even as severe as an inability to ride the product.
Having a smooth running engine isn’t the only factor in creating a happy
owner. The owner of the vehicle also wants longevity and performance out
of their engine. A balanced engine, with less shaking forces and moments
will result in less wear on the internal components [4][5].

2

Thus, in this paper, we will learn about engine unbalance, what causes it and
how we can cope with it, as well as study various twin cylinder engine
configurations and how each effects vibration.
1.2 Objective
We know how important the internal combustion engine is in our lives.
When we need more performance than a single cylinder can perform, we
need to look at two cylinders. But what kind of configuration can they be
and how can that effect the vibrations felt by the operator?
Those two questions are going to be covered in this paper. We will reach
into the importance of having a balanced engine and how that is possible.
We will begin by describing the basics of an engine and its balance,
followed closely by characteristics of vibration, as the masses and
accelerations in an engine result in multiple orders of frequency. After we
understand how an engine vibrates, we will go into detail on how to balance
the engine. Beginning with a single cylinder due to its simplicity and
finishing with how it can be applied to a twin.
This work is one of the most important factors in engine design. It is the
deciding factor of an engine having a long productive life or one that shakes
itself to pieces. Not only can the engine life be limited due to vibrations but
3

so can the entire life of the vehicle it is attached to. The vibrations pass from
the engine through the mounts and into the chassis of the vehicle
[6][7][8][9][10].
How will we analyze the engine vibrations? We will begin by describing the
most common configurations of twin cylinder engines and then we will
analyze them using a powertrain dynamics simulation program. This
program is called FEV Virtual Engine [11]. The program is a multibody
dynamics program using MSC Adams as its solver. Many companies utilize
the power of Virtual Engine. FEV Virtual Engine promotes a modular
modeling approach, which goes from a template level to a subsystem to an
assembly. Cranktrains ranging from all Vee-type engines to Boxer-type
engines and a gas pressure curve is used to simulate the combustion of the
cylinders. Using this powerful tool, we can efficiently and confidently
compare multiple configurations.
The expected results from this analysis are that a vee-twin configuration
with additional balance shafts is going to be the most efficient, smooth
engine. The highest shaking forces are expected to be in a parallel twin with
180 degree firing offset. This is due to the cylinders firing opposite each
other and resulting in high vertical forces. After comparing all the different

4

configurations using the powerful Virtual Engine tool, we can see the results
which are summarized in the below figure.

Figure 1.1. Twin Cylinder Results Summary.
The most important point of information to acquire from the above results is
that when analyzing the amount of vibration wanted in an application, one
has to consider cost to vibration. A simple configuration such as a 90 degree
V-twin can be cheap to produce if the space is adequate and front to back
horizontal vibrations can be tolerated. If an application is limited in height
for the engine, but a lot of room low in the vehicle, a boxer engine may be
the best choice. Every application is different, but these results could help
understand when they each have a different engine and why the choice that
was made was important for that specific vehicle. Next, we will review the
work others have performed in this field and discuss how we can learn from
them and build from the knowledge gained.
5

CHAPTER II
LITERATURE REVIEW
2.1 Overview
In this chapter, a comprehensive literature survey on engine balance
investigation is presented. It details the existing balance approaches,
characteristics of vibration, and the work of other researchers that are
relevant. First, we look into what makes up the vibrations in an engine.
Published works of different researchers regarding engine balance are then
discussed. Then, we take a look at what consists of the characteristics of
vibration and some definitions we will see later. This chapter thus provides
a basis for the thesis with the understanding of existing approaches and work
done by other researchers.
2.2 Engine Vibration
The inside of an internal combustion engine could be one of the most violent
places on Earth. Thousands of explosions happen every minute, resulting in
great masses of metal being tossed around. Every revolution, the engine
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wants to blow itself apart. For an engine to survive all the rocking and
rolling it produces, those forces need to be counterbalanced [12][13][14].
Every engine must be designed with balance in mind lest it shaking apart.
Motorcycle racer, builder, and Engineer, Tony Foale has an extensive
website built around motorcycle design called tonyfoale.com. On his
website he has programs he developed for analyzing motorcycle handling
and performance all the way to engine balance. He also has extensive
seminar material he gives to race teams and design departments around the
world. In 2007, Tony wrote a seminar on “Some Science of Balance” [15].
We will now review his research.
Tony starts off by reminding us of the early motorcycles from the ‘70s.
These motorcycles had incredible vibrations, due to both the single and twin
cylinder engines as well as the poor suspension. Soon after, the Japanese
brands designed multi-cylinder machines with balance shafts and better
suspension. Now today, we enjoy the freedom from these annoying
vibrations. How did we create smoother operating engines? By focusing on
the sources of said vibration. The biggest vibration problem is due to the
inability to balance inertial forces due to the piston motion in certain types of
engine configurations [16].

7

An engine consists of two parts of balance; rotating and reciprocating. Any
rotating object can produce net rotating forces if not properly balanced.
Many of the items in an engine such as the clutch assembly, flywheels, etc.
can be fully balanced. All spinning objects produce centrifugal force, the
force acting radially outward [17]. If the resultant of all these forces equates
to zero, then the object is balanced. This can be seen in figure 2.1 below.

Figure 2.1. Rotating Mass.
When we look at Figure 2.1a, we can see that the system looks statically
balanced, which is true, because the moments of the two masses balance
each other out.

8

But as the system is spinning, the masses are going to create a rocking
moment about the vertical axis. One way to balance the mass is to add two
identical masses opposite of the first two. This is shown in Figure 2.1b.
This is the concept behind the large mass opposite the piston in an engine.
As shown in Figure 2.2, the webs will counter the piston and connecting rod
mass.

Counter Mass

Figure 2.2. Two-Cylinder Crankshaft.
We will be focusing on the components where the imbalance occurs; the
crankshaft, connecting rod, and piston. This occurs from the reciprocating
balance or imbalance.

9

2.3 Vibration Characteristics
When choosing an engine layout, many key characteristics need to be
considered; cost, power delivery, mass, ease of manufacturing, etc. all need
to be taken into account. Cost incurred up front in reducing vibration at the
source can pay dividends later through increased durability, and
lighter/cheaper vibration isolation required in the chassis. No matter the
case, vibration will always increase with engine operation. We will now go
over a few basic definitions to better understand engine shaking.

Figure 2.3. Excitation Directions
The above figure, Figure 2.3, shows the directions of excitation that are
occurring in an engine. There is no excitation along the crankshaft axis in
any configuration.

10

Vertical Force: along axis of cylinders or bisecting cylinder axis on a Vtwin.
Horizontal Force: perpendicular to both vertical and crank axis
Yaw Moment: moment about cylinder axis.
Pitch Moment: moment about axis which is normal to both crank and
cylinder axis.
Roll Moment: moment about the crankshaft axis.
Reciprocating Mass: the total mass that moves up and down in the cylinder,
including: piston, piston pin, rings, upper ~1/3 of the connecting rod mass.
Rotating Mass: the mass that rotates about crank axis including crank pin,
crank web mass, and the lower ~2/3 of the connecting rod mass.
Engine Order is the term used to relate a frequency back to the speed of the
engine. 1st order events happen once per revolution of the engine. For
instance, the crankshaft goes around once per revolution creating a first
order frequency at 5000 rpm of 83 Hz. 2nd order events happen twice per
revolution such as piston acceleration force, which yields double the 1 st
order frequency, or 166 Hz at the same 5000 rpm.

11

Primary Vibration is first order vibration that results from not being able to
perfectly balance the reciprocating mass and rotating mass over a full
rotation of the engine. In most cases, balance shafts are used to cancel these
forces.
Secondary Vibration is second order vibration that results from accelerations
and decelerations of the reciprocating mass. These forces are caused by the
way the crank, rod, and piston interact. These are higher frequency events
and the type of vibration that makes your hands numb and cause parts to fail.
Using light weight pistons and rods can help reduce second order vibrations.
A longer rod to stroke ratio also decreases these forces.
Consider the piston crank assembly shown below in Figure 2.4.

Figure 2.4. Secondary Vibration
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The crank is shown rotating clockwise at a constant angular speed. If you
observe the angle created between the crank axis, crank pin axis, and the
piston pin axis as the crank rotates, you can see that this angle changes over
the 360 degree of rotation. As this angle opens up, the piston accelerates.
As the angle closes, the piston decelerates from the mean speed slightly.
This phenomenon occurs twice per revolution causing a second order
vibration force. Both the primary and secondary forces can be seen in figure
2.5.

Figure 2.5. Primary, Secondary, and Overall Shaking Forces
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Figure 2.5 really shows us how reducing the primary forces can drastically
reduce the overall shaking forces. This signifies the importance of balance
shafts.
2.4 Engine Balance
The piston in an engine moves along a straight line, defined by the axis of
each cylinder. The piston is constantly accelerating and decelerating
throughout the cycle. It is only stationary at both top dead center and bottom
dead center and it achieves its maximum velocity around the mid-stroke.
These accelerations cause oscillating forces to the system. The forces are
much harder to balance and are associated with most vibrations that are felt
by the operator. The state of the art of engine balance is to reduce the
oscillating forces and moments as much as possible [18]. This will increase
the longevity of both the engine as well as the operator.
The basic theory of engine balance has been studied for years. An early
paper published in Scientific American in August of 1925 goes into detail on
the explanation of counterbalancing vibration. This paper is titled “Engine
Balance” and written by Prof. Cormac.[19]. This article was written to
provide understanding of engine balance to all the interest that had been
generated behind engine performance at the time.
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Even though engine balance was studied back in 1925, the theory keeps
going deeper and more technical. Engineers and Scientist are trying to get
more accurate calculations when designing an engine which can lead to less
development time. In 2000, Dinu Taraza from Wayne State University in
Detroit, MI wrote a paper on “A Probabilistic Approach to Engine Balance”
[20]. Dinu explains how the classical theory of the reciprocating internal
combustion engine balance is based on the assumption that all reciprocating
mechanisms of a multi-cylinder engine are perfectly identical. In reality, the
manufacturing tolerances of the parts belonging to the reciprocating
mechanisms determine slightly different values of the inertia forces for the
different cylinders of the engine. Now residual unbalances occur. Dinu
focuses in the paper on predicting the most probable value of the residual
unbalance and correlating it to the manufacturing tolerances.
Many times a single or two-cylinder engine project is cost sensitive, so there
is literature on reducing the unbalanced forces purely through the path they
take [21]. One such paper is “Balancing Optimization of a Motorcycle
Engine Crankshaft for Vibration Reduction” by Ganguly, A and fellow
researchers [22]. In their paper, they focus on proper distribution of the
forces causes from an unbalanced engine where there is no budget or space
for a balance mechanics. They study the effects of different balance factors
15

of a crankshaft and parameters such as web shape to reduce the effects of
vibration on a rider.
Now that we have seen some of the extensive research done on the
unbalance of an engine, we can touch on components that can be designed
into an engine to further reduce vibrations that the crankshaft cannot
counter. There is a lot of research going on with ways to mask the
vibrations [23]. These include papers focusing on engine mounts, such as
SAE paper 2017-01-1908 from Tongji University focusing on optimizing the
use of hydraulic engine mounts to reduce vibration [24]. Even though we
can mask part of the vibration, one of the most common integrated designs
to further reduce the vibration from the source is to add a balance shaft to the
engine [25].
One such paper was presented in 2008 at an SAE International Conference.
The paper is titled “Balancer Shaft Development for an In-line 4 Cylinder
High Speed Diesel Engine” and written by Alexandre Ferreira and fellow
researchers [26]. Even though this paper is based off of diesel engines, all
the theory applies to gasoline engines as the only difference is the type of
fuel and how that fuel is combusted. In this paper, Alexandre discusses the
major issue of vibration in vehicles and how the important player is the
second-order unbalanced forces that lead to high frequency excitation of the
16

vehicle’s structure. The paper studies the balancer shaft solution for the 4cylinder engine.
In 2015, Mr Sagar Sonone published a paper in the International Journal of
Engineering Research & Technology, titled “Design and Analysis of
Balancer Shaft for a Four Stroke Single Cylinder Diesel Engine” [27]. In
this paper, Sagar studies the effect of a single balancer shaft. The paper
focuses upon the introduction of balancer shaft in single cylinder engine to
improve balancing and determine the exact location, mass and geometry of
the balancer shaft. Multi-body simulation is performed and results are
validated through experimental measurements. The influences are then
studied. This is performed using the dynamic analysis software ADAMS.
This is the same software we will use later in this paper to compare different
two-cylinder configurations and how vibration changes amongst them.
In the next chapters we will dig deeper on how the main engine vibration is
caused due to unbalanced first and second order forces due to piston
movement. We will begin our analysis by looking at balancing a single
cylinder engine.

17

CHAPTER III
ENGINE DYNAMICS
3.1 Overview
In the following chapter, we are going to dig into the theory of a combustion
engine [28]. We will start with looking at the thermodynamic model for the
combustion, followed by digging into the theory behind a single cylinder
engine. To understand how the engine works, we study the basic slider
crank mechanism of the single cylinder. We will look at the kinematics
behind the system, which will lead us into the calculations for the shaking of
the system. To reduce shaking, we will then dive into balancing the rotating
system.
After we understand the single cylinder engine we can look at multi-cylinder
engines. To analyze multiple cylinders is to superimpose each individual
cylinder. One can think of a multi-cylinder engine as single cylinder engines
put together. We will then finish with using software, based on the
calculations, to simulate different configurations and compare results.

18

3.2 Thermodynamics
An internal combustion engine can be modeled thermodynamically using the
Otto cycle. Both 2 and 4-stroke engines follow the Otto cycle as the engine
ingest fuel air mixture, compresses it, ignites fuel causing expansion, and
finally expels the burn exhaust. The can be seen in Figure 3.1 below.

Figure 3.1 P-V Diagram for Ideal Air Cycle of a 4-Stroke IC Engine

1. Intake stroke: Fuel vapor and air drawn into engine (0→1). Piston
travels from top dead center (TDC), 0 to bottom dead center (BDC),
1. As the piston moves down, low pressure forms and pulls the airfuel mixture into the cylinder.
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2. Compression stroke: (1→3) the piston travels from BDC, 1, to TDC,
2, while increasing the pressure and temperature of the fuel-air
mixture. During the compression stroke, ignition occurs and the fuel
mixture combusts. This raises the pressure and temperature even
more (2→3).
3. Power Stroke: The piston moves from TDC to BDC while the fuel
mixture is expanding, pushing the piston down (3→4).
4. Exhaust stroke: The exhaust valves open and the piston moves from
BDC to TDC. During this, the piston pushes the burnt gas out the
valve and the pressure decreases (4→1).
This whole process is the source of all the main forces and moments
influencing the engine. The pressure of the gas exerts a force on the piston
and being each part has a mass, an acceleration of the piston occurs (F=ma).
Now that we understand where the input force comes from in an engine, we
can look into managing that force so it is used to propel the vehicle rather
than shake it. To do this, we will start by looking at a simple single cylinder
engine and build up to a twin cylinder.
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3.3 Single Cylinder Engine Theory
3.3.1 Kinematics
Next we will review the kinematics behind the shaking forces in a single
cylinder engine that was presented by Fadi in 2013 from the University of
Wisconsin, in his paper on engine mount modeling. The section I will
reference begins on page 87 of Fadi’s paper [29].
The engine imbalance creates internal shaking forces. The shaking force is
the sum of the inertia and static forces that are transmitted to the frame. To
understand the calculation of these forces, we will look at a single cylinder
engine.
The virtual building block of an engine is a standard slider crank
mechanism, as shown in figure 3.2.

Figure 3.2. Slider Crank Mechanism.
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If we let the crank radius be r and the connecting rod length l. The crank
angle will be θ and the angle that the connecting rod makes with the x axis is
φ, the crank rotates at a constant speed ω. Through careful analysis of the
slider, we can determine the position of the piston along the x axis as a
function of the crank angle. This function is:
2

𝑟

𝑥 = 𝑟 𝑐𝑜𝑠𝜔𝑡 + 𝑙√1 − ( 𝑠𝑖𝑛𝜔𝑡)

Eq. 3.1

𝑙

To find the velocity of the piston we need to take the derivative of the above
equation. This gives us:

𝑥̇ = −𝑟𝜔 [𝑠𝑖𝑛𝜔𝑡 +

𝑟

𝑠𝑖𝑛2𝜔𝑡

2𝑙

2
√1−(𝑟𝑠𝑖𝑛𝜔𝑡)
𝑙

]

Eq. 3.2

The derivative can be taken from the velocity to obtain piston acceleration
below:
𝑥̈ = −𝑟𝜔2 [𝑐𝑜𝑠𝜔𝑡 −

𝑟[𝑙 2 (1−2𝑐𝑜𝑠 2 𝜔𝑡)−𝑟 2 𝑠𝑖𝑛4 𝜔𝑡]
]
[𝑙 2 −(𝑟𝑠𝑖𝑛𝜔𝑡)2 ]3/2

Eq. 3.3

In the above velocity and acceleration equations, a steady state solution is
considered where it is assumed that the crank speed 𝜔 is constant.
Using the binomial theorem, an approximate expression for the position,
velocity, and acceleration of the piston can be written as follows:
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𝑟2
𝑟
𝑥 ≅ 𝑙 − + 𝑟 (𝑐𝑜𝑠𝜔𝑡 +
𝑐𝑜𝑠2𝜔𝑡)
4𝑙
4𝑙
𝑥̇ ≅ −𝑟𝜔 (𝑠𝑖𝑛𝜔𝑡 +

𝑟
𝑠𝑖𝑛2𝜔𝑡)
2𝑙

𝑥̈ ≅ −𝑟𝜔2 (𝑐𝑜𝑠𝜔𝑡 +

𝑟
𝑙

𝑐𝑜𝑠2𝜔𝑡)

Eq. 3.4

The cos ωt term repeats once per crank revolution and is called the primary
component. Whereas, cos 2ωt repeats twice per crank revolution and is
called the secondary component. The Fourier series form of the expressions
for displacement, velocity, and acceleration let us ese the relative
contributions of the various harmonic components of the functions. This
will prove to be valuable when dynamically balancing an engine. These
equations are also utilized by the program VIRTUAL ENGINE, that will be
used later to analyze the two-cylinder engine designs.
To analyze the dynamic behavior of the single-cylinder engine based on the
kinematic model above, we have to look at all the forces and torques. We
have several sources to deal with, therefore we will need to use
superposition to separately analyze them. We will need to consider the
forces and torques due to the presence of the combustion phase in the
cylinder, which drives the engine. We will focus our attention at the inertia
forces and torques followed by the shaking forces.
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3.3.2 Shaking Forces
The inertial force Fi is the sum of the inertia forces at points A and B on the
slider crank mechanism (which are the ends of the connecting rod).
⃗⃗𝐹𝑖 = 𝑚𝐴 ⃗⃗⃗⃗
𝑎𝐴 + 𝑚𝐵 ⃗⃗⃗⃗
𝑎𝐵

Eq. 3.5

In Eq. 3.5, m is mass at A and B, the acceleration term at point B is the
acceleration of the piston given in Eq. 3.4. The acceleration at point A can
be found from the position vector at that point which is given as follows:
⃗⃗⃗⃗𝐴 = 𝑟𝑐𝑜𝑠𝜔𝑡𝑖̂ + 𝑟𝑠𝑖𝑛𝜔𝑡𝑗̂
𝑅

Eq. 3.6

Differentiate Eq. 3.6 twice with respect to time gives the acceleration at
point A. Where 𝛼 is the angular acceleration.
𝑎𝐴 = [−𝑟𝛼𝑠𝑖𝑛𝜔𝑡 − 𝑟𝜔2 𝑐𝑜𝑠𝜔𝑡]𝑖̂ + [𝑟𝛼𝑐𝑜𝑠𝜔𝑡 − 𝑟𝜔2 𝑠𝑖𝑛𝜔𝑡]𝑗̂
⃗⃗⃗⃗

Eq. 3.7

We can now complete Eq. 3.5 in each direction x,y to find the following
inertia force equations.
𝐹𝑖𝑥 = −(𝑚𝐴 + 𝑚𝐵

)𝑟𝜔2

𝑟 2 𝜔2
𝑐𝑜𝑠𝜔𝑡 − 𝑚𝐵
𝑐𝑜𝑠2𝜔𝑡 − (𝑚𝐴 + 𝑚𝐵 )𝑟𝛼𝑠𝑖𝑛𝜔𝑡
𝑙

𝑟2𝛼
− 𝑚𝐵
𝑠𝑖𝑛2𝜔𝑡
2𝑙
𝐹𝑖𝑦 = 𝑚𝐴 𝑟𝛼𝑐𝑜𝑠𝜔𝑡 − 𝑚𝐵 𝑟𝜔2 𝑠𝑖𝑛𝜔𝑡

Eq. 3.8
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In Eq. 3.8, mA is the rotating mass, and mB is the reciprocating mass. The
shaking force is Fs = -Fi.
Being the analysis is made at a constant angular velocity, the rotating portion
of Eq. 3.8 can be reduced down to the following,
⃗⃗⃗⃗
𝐹𝐴 = −𝑚𝐴 𝑟𝜔2 𝑐𝑜𝑠𝜔𝑡𝑖̂ − 𝑚𝐴 𝑟𝜔2 𝑠𝑖𝑛𝜔𝑡𝑗̂

Eq. 3.9

We cannot completely balance the reciprocating mass; we can reduce the
shaking forces by unbalancing the rotating mass. An example of this is by
adding a counterweight opposite the crankpin whose mass is 1.5 times that
of the reciprocating mass. If we designate the mass of the counterweight mc,
and substitute into Eq. 3.9, the inertia force caused by the counterweight is
⃗⃗⃗
𝐹𝑐 = −𝑚𝑐 𝑟𝜔2 𝑐𝑜𝑠𝜔𝑡𝑖̂ − 𝑚𝑐 𝑟𝜔2 𝑠𝑖𝑛𝜔𝑡𝑗̂

Eq. 3.10

If,
1

𝑚𝑐 = 𝑚𝐴 + 𝑚𝐵

Eq. 3.11

2

Then equation 3.10 can be written as
1
1
⃗⃗⃗⃗
𝐹𝐶 = − (𝑚𝐴 + 𝑚𝐵 ) 𝑟𝜔2 𝑐𝑜𝑠𝜔𝑡𝑖̂ − (𝑚𝐴 + 𝑚𝐵 ) 𝑟𝜔2 𝑠𝑖𝑛𝜔𝑡𝑗̂. Eq. 3.12
2

2

We can then add equations 3.12 and 3.8 to get the resultant inertia force.
This is written as
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1

𝑟

1

2

𝑙

2

𝐹 = ( 𝑚𝐵 𝑟𝜔2 𝑐𝑜𝑠𝜔𝑡 + 𝑚𝐵 𝑟𝜔2 𝑐𝑜𝑠2𝜔𝑡) 𝑖̂ − 𝑚𝐵 𝑟𝜔2 𝑠𝑖𝑛𝜔𝑡𝑗̂.

Eq. 3.13

The first term is the primary component. It is the backward rotating vector.
The second term is the secondary component. This is the forward rotating
component in the x projection.
The maximum inertia force occurs when ωt=0. Therefor our maximum
inertia equation becomes
𝑟

1

𝐹𝑚𝑎𝑥 = 𝑚𝐵 𝑟𝜔2 ( + ).
𝑙
2

Eq. 3.14

Before the counterweight was added, the maximum inertia force was
𝑟

𝐹𝑚𝑎𝑥 = 𝑚𝐵 𝑟𝜔2 ( + 1).
𝑙

Eq. 3.15

Therefore, the additional counterweight reduced the maximum shaking force
by 50% of the primary component. This proves that adding a counterweight
will reduce the primary component and a balance shaft could also be added
to help reduce the secondary component.
3.3.3 Balancing
Let us start by reviewing some theory by Robert Norton in his “Design of
Machinery” book in Chapter 13: Engine Dynamics [30]. Norton brings up
the valid point that balancing will not have an effect on the gas forces, but
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will have a dramatic effect on the inertia and shaking forces. The main pin
forces can be reduced, but the crankpin and wrist pin forces will remain
unaffected. This is important as the inertia and shaking forces translate
directly to what the operator feels.
We can look at Figure 3.3 below to see the dynamic model of our slidercrank. It has a connecting rod mass lumped at both crankpin A and wrist pin
B.

Figure 3.3. Balancing a Single Cylinder Engine
To statically balance the crankshaft is straighforward. We need a mass at a
radius, 180o from the lumped mass A whose moment is equal to that of mass
A at radius r, mbal. We can write this as the following equation:
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𝑚𝑏𝑎𝑙 𝑟𝑏𝑎𝑙 = −𝑚𝐴 𝑟𝐴

Eq. 3.16

For simplity, we use a balance radius equal to r, though any combination of
mass and radius would be sufficient. The balance mass would then need to
be equal to mA to exactly balance the rotating masses in Figure 1.4. When
balancing in this manner, the shaking forces in the Y direction are reduced to
zero, but a force is still seen in the X direction. The only source of inertia
force in the Y direction is from the rotating mass at point A as seen in
Equation 1.8. There fore the remaining force after balncing the rotating
mass is the force due to the acceleration of the piston and conrod at point B.
To completely eliminate this recipricating mass, we could add a second
piston, with the throw 180o from the current or introduce a balance shaft.
We will investigate adding a balance shaft next and a multi-cylinder engine
in the next section. To fully understand the need of a balance shaft, we can
apply our balancing to a single cylinder. To begin, let’s look at Figure 3.4.
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Figure 3.4. Single Cylinder Balance
As we look at Figure 3.4, our first thoughts are that we can balance the
crankshaft to 100% of the piston and connecting rod. A 100% balance
factor crank is when the counterweight exactly balances the primary
reciprocating forces at TDC and BDC. This will cancel the force from the
piston and the vertical shaking forces will be zero. This is great until we
look at the image on the right. The piston is traveling down and now the
force from the crank is acting in the horizontal direction. So all we have
done is replaced an in-line reciprocating force with a lateral alternating force
of the same peak magnitude.
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One of the most common solutions to this is to balance the crankshaft to
50% balance factor. At TDC and BDC the counterweight will balance half
the reciprocating forces. At 90 degrees, the centrifugal force of the
unbalance will now only be 50% rather than 100% in the previous example.
This will result in a nice force circle of equal magnitude, and the minimum
resultant unbalance force, through all of the cycle. A constant rotating force
can easily be balanced by another constant rotating force. This has to be
rotating in the opposite direction so we cannot add it to the crankshaft.
Therefore, we need a balance shaft.
Typically, a single balance shaft is used where the crank is balanced to 50%
and then the balance shaft is also to 50% but rotating opposite. This leaves a
resultant of zero through the rotation, but a single balance shaft will create a
moment. One solution is to add a second shaft. Both layouts can be seen in
Figure 3.5.
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Figure 3.5. Balance Shaft Configuration
By studying Figure 3.5, we can see how both configurations are equally
balanced by forces. We can also see that the layout on the right with two
shafts equally spaced with half the mass would eliminate any rocking couple
caused by the balance shaft and crank. The single balance shaft is the most
common layout in the industry. This is due to cost, packaging, and weight.
This all has to be considered when balancing an engine of primary forces.
Secondary forces are a lot more difficult to eliminate. As we recall,
secondary forces vibrate at twice the rate of the crankshaft rotation. These
are usually embedded into the layout of the engine. We often leave these
forces due to the cost of balancing them out.
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3.4 Multi- Cylinder Engine
3.4.1 Multi-Cylinder Engine Designs and Phase Angle
Multi-cylinder engines can be designed in a number of different
configurations ranging from a simple inline to vee, opposed, and radial.
Inline engines are the most common and simplest configuration. The
cylinders are all in a common plane and are typically two-, three-, four, five,
or six- cylinder. Each cylinder has its own slider-crank mechanism, which
means you are adding x number of single cylinder engines together in a line.
The cylinder’s cranks are formed together on the common crankshaft. Each
cylinder’s crank is called its crank throw and they will be arranged with a
phase angle to one another. From our learning in the single cylinder section,
we should realize that we would like the pistons to be moving in opposite
directions to one another to cancel the reciprocating forces. The typical
four-cylinder configuration is 0, 180, 180, 0 phase angles which we can see
in Figure 3.6.
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Figure 3.6: Inline Four-Cylinder Crankshaft
Vee engines come in factors of two, ranging from two to twelve cylinders.
The most common configurations are vee six and vee eight. You can think
of vee engines as two inline engines, cylinder banks, attached with a
common crankshaft with each cylinder bank at a specified angle from each
other. The crankshaft phase angle and cylinder vee angles have a large
impact on the dynamics of the engine, which we will explore when we look
at twin-cylinder engines in detail later on. A vee eight crankshaft
configuration can be seen below in Figure 3.7.
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Figure 3.7: Vee-Eight Crankshaft Configuration
An opposed engine, also known as a Boxer Engine, is basically a vee engine
with a vee angle of 180 degrees. The pistons are on opposite sides and
cancel eachothers inertial forces. This design is typical in aircraft engines.
Figure 3.8 shows an opposed four-cylinder engine.

Figure 3.8. Four Cylinder Opposed Engine Configuration
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The forth most common engine configuration is the radial engine. These
engines have their cylinders arranged radially around the crankshaft, in a
common plane. Radial engines were common in older aircraft. A typical
configuration can be seen in Figure 3.9.

Figure 3.9. Radial Five Cylinder Engine Configuration
We will focus our initial calculations on the simplest inline engine
configuration. The rest of the configurations can be looked at by breaking
the configuration into smaller single or inline configurations and
superimposing them, while considering the phase angle.
Before looking at shaking forces we will quickly discuss crank phase angles.
Phase angles are measured from the first cylinder (cyl 1), whose angle will
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always be zero. The phase angle is measured with respect to the rotating
coordinate system in the first crank throw and the cylinders will be numbers
from front to back of engine. For maximum cancellation of inertia forces,
the optimum phase angle, ∅, will be:
∆∅𝑖𝑛𝑒𝑟𝑡𝑖𝑎 =

360𝑜
𝑛

Eq. 3.17

Where n is the number of cylinders. From Eq. 3.17 we can calculate the
optimum phase angle for a four-cylinder engine to be 90o. Therefore, we
would have cylinder arrangements of 0, 90, 180, and 270.
3.4.2 Shaking Forces in Inline Engines
To determine overall shaking force, each individual cylinder will contribute
therefore we can superpose their effects. We begin by looking back at our
single cylinder shaking force calculations. Specifically, Eq. 2.8 for α=0:
𝑟
⃗⃗⃗
𝐹𝑠 = [(𝑚𝐴 + 𝑚𝐵 )𝑟𝜔2 𝑐𝑜𝑠𝜔𝑡 + 𝑚𝐵

2 𝜔2

𝑙

𝑐𝑜𝑠2𝜔𝑡 ] 𝑖̂ + [𝑚𝐴 𝑟𝜔2 𝑠𝑖𝑛𝜔𝑡]𝑗̂
Eq. 3.18

This is for an unbalanced crank. In multi-cylinder engines, each crank throw
is typically balanced with counterweight to eliminate shaking force of
combined mass mA or crank and conrod. So, if we provide balance masses
on each crank throw, mA terms will be eliminated. Reducing to:
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𝑟
⃗⃗⃗
𝐹𝑠 = 𝑚𝐵 𝑟𝜔2 (𝑐𝑜𝑠𝜔𝑡 + 𝑐𝑜𝑠2𝜔𝑡) 𝑖̂

Eq. 3.19

𝑙

If we assume all cylinders of equal displacements, we can let crank angle wt
represent the instantaneous position of cylinder 1 and the positions of the
other cranks defined by their phase angles. The total shaking force is then:
𝑟
⃗⃗⃗
𝐹𝑆 = 𝑚𝐵 𝑟𝜔2 ∑𝑛𝑖=1 (cos(𝜔𝑡 − ∅𝑖 ) + 𝑐𝑜𝑠2(𝜔𝑡 − ∅𝑖 )) 𝑖̂
𝑙

Eq. 3.20

Where n = number of cylinders and ∅1 = 0.
If we then substitute the identity: cos(𝑎 − 𝑏) = 𝑐𝑜𝑠𝑎𝑐𝑜𝑠𝑏 + 𝑠𝑖𝑛𝑎𝑠𝑖𝑛𝑏
Then: ⃗⃗⃗
𝐹𝑆 = 𝑚𝐵 𝑟𝜔2 [𝑐𝑜𝑠𝜔𝑡 ∑𝑛𝑖=1 cos ∅𝑖 + 𝑠𝑖𝑛𝜔𝑡 ∑𝑛𝑖=1 sin ∅𝑖 +
𝑟
𝑙

𝑐𝑜𝑠2𝜔𝑡 ∑𝑛𝑖=1 cos 2∅𝑖 + 𝑠𝑖𝑛2𝜔𝑡 ∑𝑛𝑖=1 sin2 ∅𝑖 ] 𝑖̂

Eq. 3.21

The ideal value for shaking force is zero. The only way the expression can
be zero is the following values of 𝜔𝑡:
∑𝑛𝑖=1 cos ∅𝑖 = 0 ∑𝑛𝑖=1 sin ∅𝑖 = 0

Eq. 3.22 a

∑𝑛𝑖=1 cos2 ∅𝑖 = 0 ∑𝑛𝑖=1 sin2 ∅𝑖 = 0

Eq. 3.22 b

Eq. 3.22 a represents zeroed primary forces, 3.22 b represents zeroed
secondary forces. We can zero fourth and sixth harmonics with substituting
cos4, sin4 and cos6, sin6 into the above equations. We will run an analysis
on a twin cylinder to see detailed results.
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3.4.3 Shaking Moments in Inline Engines
The multicylinder engine is three dimensional. Its multiple cylinders are
distributed along the axis of the crankshaft. Unbalanced moments in the
plane of the engine block will still occur even though we may have cancelled
the shaking forces. Figure 3.10 shows a schematic of an inline four cylinder
engine with crank phase angles of ϕ1=0, ϕ2=90, ϕ3=180, and ϕ4=270o.

Figure 3.10. Moment Arms of the Shaking Moment
The spacing is uniform between the cylinders. We can sum moments in the
plane of the cylinders about any convenient point.
⃗⃗ 𝐿 = ∑𝑛𝑖=1 𝑧𝑖 𝐹𝑆 𝑗̂
∑𝑀
𝑗

Eq. 3.23
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Where Fsi is the shaking force and zi is the moment arm of the ith cylinder.
Substitute Eq. 3.21 for Fsi.
∑ ⃗⃗⃗⃗⃗
𝑀𝐿 =
̃ 𝑚𝐵 𝑟𝜔2 [𝑐𝑜𝑠𝜔𝑡 ∑𝑛𝑖=1 𝑧𝑖 𝑐𝑜𝑠𝜑𝑖 + 𝑠𝑖𝑛𝜔𝑡 ∑𝑛𝑖=1 𝑧𝑖 𝑠𝑖𝑛𝜑𝑖 +
𝑟
𝑙

(𝑐𝑜𝑠2𝜔𝑡 ∑𝑛𝑖=1 𝑧𝑖 𝑐𝑜𝑠2𝜑𝑖 + 𝑠𝑖𝑛2𝜔𝑡 ∑𝑛𝑖=1 𝑧𝑖 2𝑠𝑖𝑛𝜑𝑖 )] 𝑗̂

Eq. 3.24

This expression can only be zero for all values of ωt if:
𝑛

𝑛

∑ 𝑧𝑖 𝑐𝑜𝑠𝜑𝑖 = 0,

∑ 𝑧𝑖 𝑠𝑖𝑛𝜑𝑖 = 0,

𝑖=1

𝑖=1

𝑛

𝑛

∑ 𝑧𝑖 𝑐𝑜𝑠2𝜑𝑖 = 0,

∑ 𝑧𝑖 𝑠𝑖𝑛2𝜑𝑖 = 0

𝑖=1

𝑖=1

Eq. 3.25
Both the sine and cosine summations of any multiple of the phase angles
must be zero in order for the shaking moment to be zero. If we review Eq.
3.26 of a 4 cylinder with ϕ1=0, ϕ2=90, ϕ3=180, and ϕ4=270o, which shows
the shaking moments are not zero for this inline four cylinder engine. We
can see our choice of phase angles, which is good for shaking forces and
torques, fails the test for zero shaking moments. The secondary term is less
critical than the primary as it is a multiple of r/l which is generally less than
1/3. An unbalanced secondary shaking moment harmonic is undesirable but
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can be tolerated. The primary component is of most concert. If we were to
utilize this configuration, we would need to implement a balancing
technique to eliminate the primary moment. A large shaking moment will
cause the engine to pitch forward and back. Next, we will look at balancing
inline engines.

Eq. 3.26

3.4.4 Balancing Inline Engines
Balancing multi-cylinder engines can sometimes be accomplished through
proper arrangement of cylinders. In a four stroke engine, with n number of
cylinders, all harmonics of shaking force will be balanced except whose
harmonic number is a multiple of n/2, when crank throws are arranged in
even firing. Therefore, a 4 cylinder in-line would have nonzero secondary
shaking forces. An inline six-cylinder engine will have zero shaking forces
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through the fourth harmonic. Therefore, the smallest vee engine with this
state of perfect balance would be a vee twelve as it is two inline six on a
common crankshaft. We are focusing on smaller twin cylinder engine
configurations. Being vee engines take on the characteristics of their inline
banks, we will focus on a single cylinder when calculating balance.
Now that we see the math behind a single cylinder, that can be applied to
any of the twin configurations we are analyzing. We could analyze each
cylinder as a single at each respective angle.
The most used calculation when designing the crankshaft is the percent
balance factor. We will now investigate how this is calculated. A typical
percentage balance factor goal is 50% balance for the crankshaft.
Eq. 3.27 shows how to find the percent balance.
% 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐶𝑟𝑎𝑛𝑘 𝑚𝑎𝑠𝑠−𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑛𝑔 𝑟𝑜𝑑 𝑚𝑎𝑠𝑠
𝑅𝑒𝑐𝑖𝑝𝑟𝑖𝑐𝑎𝑡𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦

Eq. 3.27
Where,
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐶𝑟𝑎𝑛𝑘 𝑀𝑎𝑠𝑠 =

𝐶𝑟𝑎𝑛𝑘 𝑏𝑜𝑏 𝑚𝑎𝑠𝑠∗𝐶𝐺 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑜𝑏 𝑚𝑎𝑠𝑠
𝐶𝑟𝑎𝑛𝑘 𝑇ℎ𝑟𝑜𝑤

− 𝐶𝑟𝑎𝑛𝑘 𝑝𝑖𝑛 𝑚𝑎𝑠𝑠

Eq. 3.28
and,
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𝑅𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑛𝑔 𝑟𝑜𝑑 𝑚𝑎𝑠𝑠 = (𝑟𝑜𝑑 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 −

𝑟𝑜𝑑 𝐶𝐺 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
)∗
𝑟𝑜𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

𝑟𝑜𝑑 𝑚𝑎𝑠𝑠

Eq. 3.29
The rotating connecting rod mass is also often referenced as rod big end
mass.
And,
𝑟𝑒𝑐𝑖𝑝𝑟𝑖𝑐𝑎𝑡𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦 = 𝑝𝑖𝑠𝑡𝑜𝑛 𝑚𝑎𝑠𝑠 + 𝑝𝑖𝑠𝑡𝑜𝑛 𝑝𝑖𝑛 𝑚𝑎𝑠𝑠 + 𝑟𝑜𝑑 𝑠𝑚𝑎𝑙𝑙 𝑒𝑛𝑑

Eq. 3.30
Where,
𝑟𝑜𝑑 𝑠𝑚𝑎𝑙𝑙 𝑒𝑛𝑑 = 𝑟𝑜𝑡 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑟𝑜𝑑 𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑚𝑎𝑠𝑠
Eq. 3.31
We will see an example spreadsheet in the next section that will reference an
easy way to document and calculate the percent balance factor. A typical
goal for a motorcycle is 50% balance factor. This can range all the way to
80% based on the engine design and manufacturer preference.
After achieving the correct balance factor, we have shaking forces that can
be reduced by adding balance shafts. We will study how different twin
cylinder configurations can change these shaking forces and how we can
reduce them.
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3.4.5 Twin Cylinder Engines
Twin cylinder engines come in many different configurations, but they can
actually all be considered V-twin engines. The most common are 90 degree,
60 degree, 0 degree (in-line or parallel twin), and 180 degree (boxer). We
will first look at a 90 degree V-twin, due to its ability to achieve perfect
primary balance without the use of a balance shaft.
a. 90 Degree V-Twin Engine

Figure 3.11. 90 Degree V-twin
A 90 degree v-twin is the easiest configuration to balance due to the pistons
being at 45 degrees from vertical. This means they will cancel out the lateral
force of each other. This allows for the elimination of a balance shaft. The
only downfall from this configuration is the secondary forces all act in the
horizontal direction and add to the finally horizontal shaking forces. We can
see the how the forces act on a 90 degree V in Figure 3.12 below. The blue
circle is the primary forces and the red line shows the secondary forces.
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Figure 3.12. 90 Degree Cylinder Angle Forces
Even though a 90 degree V engine is well balanced, it is not always the
practical way to go. At this angle, the packaging of the engine can be
difficult. That is why many manufacturers choose less of an angle and
choose to add a balance shaft to eliminate the primary shaking forces.
We will now look at some inertial force diagrams of different cylinder
angles before we move on to simulating these engine configurations and
looking at the shaking forces that result.
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b. 60 Degree V-Twin Engine

Figure 3.13. 60 degree V on left, 60 degree V with split crank on right
Figure 3.13 shows two of the most typical 60 degree v-twin layouts. We can
see how the angle causes more vertical forces before adding a balance shaft.
Whereas a split crankpin, on the right, acts more like a 90 degree V with
added secondary forces.
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c. Parallel Twin

Figure 3.14. Left: Parallel twin 180 deg crank angle. Right: Parallel with 270
deg crank angle.
Parallel twins, or in-line twins, are also very common configurations. Figure
3.14 on the left shows a 180 degree pin offset. This eliminates all horizontal
forces as well as all the primary forces. The only negative of this layout is
an increased vertical secondary force. The right image is a 270 degree crank
pin angle. This setup will have no secondary forces as they will be cancelled
by the motion of the cylinders. This is a smoother running engine than the
180 degree. The next two chapters will go into more detail.

46

d. Boxer Twin

Figure 3.15. Boxer Engine (180 degree cylinder angle, 180 degree crank
angle)
The boxer engine is the configuration that results in the lowest shaking
forces. The primary and secondary are all canceled in the horizontal and
vertical directions due to the pistons traveling in opposite directions at all
times. This engine layout is very flat, but can be difficult to package in a
vehicle. One advantage, other than less vibration, is the ability to lower the
center of gravity in the vehicle by mounting this flat engine low.
Now that we have reviewed some of the most common twin cylinder
configurations, we can look at how we will analyze these systems. After
running each configuration at a cruising rpm and a wide open throttle rpm,
we will compare their shaking force peak to peak magnitudes.
3.4.6 Multi-body Dynamics Modeling
The CAE tool used in this paper is Virtual Engine by FEV. Virtual Engine
is a specialized environment for modeling engines, based on the world
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leading multi-body simulation software MSC Adams® suite of software as
numerical integrator, pre- and post- processing features. The software
allows the user to create virtual prototypes of engine subsystems and analyze
them like you would a physical prototype. Using VE, you can quickly create
virtual models of cranktrains, as well as valve trains, accessory drives, etc.
due to its modular modeling approach and then analyze the models to
understand their performance and behavior. The main benefit of using FEV
Virtual Engine is that it enables you to work faster and smarter by letting
you have more time to study and understand how design changes affect
performance. We are able to explore the performance of engine designs and
refine the design before building and testing a physical prototype. FEV
Virtual Engine is one of the top used engine dynamics software used around
the globe.
Virtual Engine provides a modular modeling approach were we analyze
subsystems. Each subsystem is derived from a template, which acts as a
blueprint and defines the topology. Subsystems can then be adjusted and
refined to varying fidelities as appropriate for the analysis. Being we will be
focusing our engine balance analysis on a two- cylinder gasoline internal
combustion engine, we can build a template using generic dimensions. This
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generic template is then brought into a subsystem to input specific
dimensions and properties from an initial design.
Most analysis are completed after the first set of CAD is finished. This
gives the closest geometry of what the designer is hoping for. At that point,
the inertia and mass properties are taken from CAD and used to build a
model in Adams. We can then adjust the balance of the crank and balance
shaft to get a well-balanced design for the given situation.
For the balance study that is conducted in this paper, we began by building a
generic Vee twin engine with three balance shafts. The assembly is shown
in Figure 3.16.

Figure 3.16. FEV VE Vee-twin Model
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The model is initially built in the generic fashion. It is attached to a dyno at
the crank and also has fuel map for combustion pressure to power the
engine. The 3 balance shafts can be disabled and enabled as needed to build
the upcoming models that are all analyzed. The first study that is going to
be performed will be using the inertial properties of a 2016 Indian Scout
motorcycle. This will give us a baseline on engine vibration that a rider
finds acceptable and enjoyable.
3.4.7 Building the MBD Model
The first step in building the model is to dissect the CAD model and split the
crankshaft into sections. This is used to retrieve the starting point of mass
and inertia values for all components of the crankshaft. The cuts are shown
in Figure 3.17.

Figure 3.17. Retrieving Crankshaft Dimensions and Inertia Values
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After the crankshaft is split into its respectable sections and mass and inertia
properties are documented, the model can be built using the found
specifications. These are inputted into the Engine Global Data in Virtual
Engine as seen in Figure 3.18.

Figure 3.18. Engine Global Data for Baseline
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In Figure 3.18, we can see the inputted data to match the CAD. This will
build the model to the current specifications of the production engine. At
this point we can input all the inertial and mass properties of all the
components in the assembly. The properties used in the baseline are shown
in Table 3.1.

Table 3.1. Simulation Data for Baseline Engine
The crankshaft is hand balanced to 50%. This is done through Eq. 3.32:
% 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =

(𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐶𝑟𝑎𝑛𝑘 𝑚𝑎𝑠𝑠)−(𝑅𝑜𝑑 𝑏𝑖𝑔 𝑒𝑛𝑑)
𝑅𝑒𝑐𝑖𝑝𝑟𝑖𝑐𝑎𝑡𝑖𝑛𝑔 𝑀𝑎𝑠𝑠

∗ 100
Eq. 3.32

A balance shaft with a 50% balance factor is also built into the model. The
model now looks as follows.
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Figure 3.19. Baseline Adams Model
With the baseline model build, shown above in Figure 3.19, we can now
look at different simulations to perform in order to study what could increase
or decrease the shaking forces on the engine. We will first look into
changing engine layout, to primarily reduce 1st order shaking frequencies,
followed by looking at changing individual reciprocating components, to
reduce 2nd order frequencies.
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CHAPTER IV
DYNAMIC SIMULATION OF TWIN CYLINDER
4.1 Altering First Order Vibration by Different Engine Configurations
4.1.1 Overview
In this section of the simulation, we are going to study the effects of
different engine configurations. These are going to include: adding a second
1st order balance shaft, adding a 2nd order balance shaft, a split pin
crankshaft, a 90 degree V-twin, parallel twin in both 180 and 270 degree
firing orientation, and lastly a boxer configuration. In this section we will
look at the engine setup as well as any details to each.
4.1.2 60 Degree V-Twin Engine Single 1st Order Balance Shaft
This is the most common configuration that is used by many of the top
motorcycle companies. This is also the baseline that we setup earlier. Seen
in Figure 3.19.
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4.1.3 60 Degree V-Twin Engine with Twin 1st Order Balance Shafts

Figure 4.1. Dual Balance Shaft Setup
In Figure 4.1 we can see how the model was setup with the dual balance
shafts. The second shaft was placed at the front of the engine the same
distance as the baseline. The balance shaft was reduced to 25% balance
factor. This should reduce some moment.
4.1.4 60 Degree V-Twin Engine with a 1st Order BS and a 2nd Order BS
Figure 4.2 shows the setup for an engine with a 2nd order balance shaft
added. The baseline eliminated primary forces and now this added balance
shaft will eliminate the secondary forces. This is done by spinning the shaft
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in the same direction as the crankshaft at twice the velocity. We should
expect an increase in moment.
This would also make a more complicated design to produce, but depending
on the application it might be necessary.
2nd order shaft

Figure 4.2. 2nd Order Balance Shaft Model
4.1.5 60 Degree V-Twin Engine with a Split Crank Pin
In this split crank analysis, we will look at two different iterations. The first
is a 90 degree split and the second is a 30 degree split. The 30 degree split
will mimic a 90 degree V due to the 60 degree cylinder angle. This should
be the better of the two designs and we will review it in the results section.
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By looking at the models built in figure 4.3, we can see how the 30 degree
split crank looks like it will perform better. The connecting rods are
operating at close to opposite angles similar to a 90 V.

Figure 4.3. Split Crank. Left: 90o Split. Right: 30o Split.
4.1.6 90 Degree V-Twin Engine
This is the configuration that was discussed earlier. One of the simplest
engine configurations there is to model as well as manufacture. With this
configuration, there is no need for a balance shaft.

57

Figure 4.4. 90o Cylinder Angle
4.1.7 Parallel Twin: 180 Degree and 270 Degree Firing
The parallel twin will be analyzed in its two most common configurations.
The 180 degree and 270 degree firing offset. This translates to 180 and 90degree crank pin respectively. Both setups have a balance shaft that spins
opposite the crank in order to eliminate primary forces. The two
configurations can be seen in Figure 4.5.

Figure 4.5. 180o Firing and 270o Firing Parallel Twin.
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4.1.8 Boxer Twin
The boxer engine is one of the easiest configurations to model and analyze.
It is essentially a parallel twin with the cylinders laid down 180 degrees from
each other and firing at the exact same time. Firing at the same moment will
eliminate any horizontal shaking forces and there is no vertical due to the
engine lying flat. The only thing that could be concerning about this layout
would be the roll moment.

Figure 4.6. Boxer Engine Configuration
Let us now run all the simulations and review the results.
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4.1.9 Results

Table 4.1. 2931 RPM Configuration Results

Figure 4.7. 2931 RPM Configuration Results
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Table 4.2. 9000 RPM Configuration Results

Figure 4.8. 9000 RPM Configuration Results
4.1.10 Conclusion
The largest take away from the results of this study is how dependent
secondary vibration is to the engine configuration. It is tied to the specific
geometry and is a lot more difficult, and expensive, to reduce.
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The second note to remember is that these configurations are theoretical and
were balanced by hand, followed by multiple iterations to reduce the
primary balance. There is room for further refinement/ reduction of shaking
forces and moments by spending more time balancing each configuration
and building more specific, production ready, geometry.
Each configuration is the best in its own situation or goal at hand. If
reducing shaking forces is the end goal, adding a 2nd order balance shaft to
the current baseline configuration would be the best route, both in the
vibration standpoint as well as the cost standpoint. This was done by adding
the balance shaft between the Vee spinning the same direction as the crank
at 2x speed. This resulted in reducing the shaking forces to close to zero, all
while not increasing the moments. Appendix 2 can be viewed to analyze
details of the results including 3D spectograms (3D FFT) of an RPM sweep
with each configuration. While looking at the spectogram, one can see
which orders are prevalent. Next, we will look at how we can reduce the
second order vibration in the 60 degree Vee twin baseline engine.
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4.2 Reducing Second Order Vibration
4.2.1 Overview
As we have previously discussed, second order vibration results from
accelerations and decelerations of the reciprocating mass. These forces are
caused by the way the crank, rod, and piston interact. They are higher
frequency events and the type that make your hands numb. Using light
weight pistons and rods can reduce second order vibrations.
We will now study how five different changes can alter balance. This can be
used in deciding if using parts like titanium connecting rods is worth the
extra cost of manufacturing.
The five studies that will be performed in this section are: titanium pins, 2
ring piston (changed from typical 3 ring piston), aggressive piston weight
reduction, titanium connecting rods, and bushless connecting rod. The
parameters for each study are shown in Table 4.3.
Being the reciprocating mass is changing in each study, the crankshaft has to
be rebalanced to eliminate any primary forces. All crankshafts are kept at a
50% balance factor, as well as the balance shaft. Each configuration will be
run at a cruising speed of 2931 rpm as well as a wide open throttle speed of
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9000 rpm. We will then analyze the shaking forces and moments for each
engine and discuss the results of each change.

Table 4.3. Parameters for Component Study
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4.2.2 Results
Following the development of the models and multiple iterations needed to
perfect the balance of each configuration, the results can be obtained.

Table 4.4. 2931 RPM Component Results

Figure 4.9 2931 RPM Component Results
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Table 4.5. 9000 RPM Component Results

Figure 4.10 9000 RPM Component Results
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4.2.3 Conclusion
From the results in Figures 4.9 and 4.10, we can see how changing the
masses of key components (piston, connecting rod, piston pin) affect the
shaking forces and moments.
The cost of the different piston, pin or connecting rod would have to be
weighed with the benefits seen in the graphs. As we can see, the changes are
not drastic and may not be felt by the operator. Depending on the end goal,
this slight decrease could be effective.
The titanium connecting rod reduces the shaking forces as well as the pitch
and yaw moments, but in turn it increases the roll moment slightly. On the
other hand, reducing the reciprocating mass of the system by using a
titanium piston pin or an aggressive piston mass reduction can reduce all the
forces and moments when comparing to our baseline results.
4.3 Validate Simulation Results
Next, we will take a quick look at validating the results from the Adams
dynamics model. An Excel spreadsheet was built, an excerpt can be found
in appendix 3, using calculations discussed earlier in the theory to calculate
the shaking forces of the baseline vee twin 60 degree engine with a single
balance shaft. The reciprocating masses, rotating masses, and crankshaft
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geometry was inputted and the shaking force was calculated for every single
degree of crank rotation. In one full cycle, the min and max values of the
shaking force can be seen in the following figure. Y direction in Table 4.6 is
vertical and X is toward the front of the engine.

Table 4.6. Hand Calculated Shaking Forces
The peak to peak amplitude is then compared to the baseline results from the
Adams model. The results are shown in Table 4.7.
Adams Simulation

Hand Calculation

Vertical

9,974 N

10,095.1 N

Horizontal

9,794 N

10,216.8 N

Table 4.7. Results Verification
This shows how close the simulation and hand calculations are. The
simulation results are 1% and 5% difference between the two methods. This
is within a percentage of error associated with not perfectly balancing the
crank or rounding mass measurements of part. Being this proves the
baseline model is correct, we can utilize the power of simulation to look at
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all the other engine configurations. The results can then be utilized to
further analyze specific components in the cranktrain. In appendix 1, we can
see a table that can be used as a cheat sheet to decide on engine
configuration on future projects. This table was developed from analyzing
the simulation results from all the different configurations.
4.4 Future Work
To conclude this research, it is recommended to continue to use a 60 degree
Vee Twin engine layout. Adding a second balance shaft to eliminate
secondary shaking forces would be a beneficial route when the cost of
adding the shaft is not an issue.
Further research would be necessary to determine the best layout for a
particular vehicle. It would be beneficial to place the engine layouts in a
chassis and determine what kind of vibration is felt the most by the rider.
This would help weigh the pros and cons of each particular layout and how a
specific vibration affects a rider. Once an engine platform is chosen for the
given task, further research will be needed to study the effects of engine
mounts. They could be fine tuned to lessen the residual vibrations after
balance.
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With the results gathered in this research, it is determined that a 60 degree
V-twin engine with a single balance shaft is the best option for a motorcycle
that is mass produced. This is due to the price of manufacturing and the
minimal level of vibration.
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APPENDICES
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Appendix A: Vibration Estimates

Table 0.1. Vibration Estimates for Engine Layouts
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Appendix B: Balance Study Analysis Notes
• Coordinate System

Figure 0.1. Coordinate System

• Shaking forces and moments calculated at simulated steady state cruising speed as well at
9,000 rpm wide open throttle

• Virtual Engine assembly is fixed to “ground” at the center of the crankshaft
• All reported shaking forces and moments are calculated at that point
• For each layout, the follow was measured
• Peak –to-peak 2nd order vertical and 2nd order horizontal shaking forces
• The balance shaft removes the 1st order primary vertical and horizontal shaking forces
• Roll moment about the crankshaft axis
• Sum of the piston sided forces and balance shaft forces acting at an offset from the crank
axis
Part A: Baseline Configuration

• 60 degree V-Twin
• Single 1st order balance shaft
• (-52.5, 90.9327)
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•

Part A results

Figure 0.2. Part A Results at 2391 rpm

Figure 0.3. Part A Results at 9000 rpm
•

Pictures of baseline configuration.

Figure 0.4. Baseline Configuration
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•

3D FFT’s from a sweep of 2900 to 9000 rpm

Figure 0.5. Baseline Fx FFT

Figure 0.6. Baseline Fy FFT

Part B: Dual BS Configuration

• 60 degree V-Twin
• Dual 1st order balance shaft
• (0, +/- 90.9327)
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•

Part B results

Figure 0.7. Part B Results at 2931 rpm

Figure 0.8. Part B Results at 9000 rpm
•

Pictures

Figure 0.9. Dual BS Configuration
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Part C: Single 2nd order BS

• 60 degree V-Twin
• Single 2nd order balance shaft
• (150,0)
• 240 deg
•

Part C results

Figure 0.10. Part C Results at 2931 rpm

Figure 0.11. Part C Results at 9000 rpm
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•

Pictures

Figure 0.12. 2nd Order BS Configuration
Part D: 60 degree V-Twin with 90 degree Split Pin

• 60 degree V-Twin
• Split pin Crankshaft: 90 degree
• W/ balance shaft
•

Part D results

Figure 0.13. Part D Results at 2931 rpm
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Figure 0.14. Part D Results at 9000 rpm

•

Pictures

Figure 0.15. 90 Degree Split Crank Configuration

79

Part E: 90 Degree V-Twin

• 90 degree V-Twin
• No balance shaft
•

Results

Figure 0.16. Part E Results at 2931 rpm

Figure 0.17. Part E Results at 9000 rpm
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•

Pictures

Figure 0.18. 90 Degree V Configuration

•

3D FFT’s from a 2900-9000 rpm sweep

Figure 0.19. Part E Fx FFT

Figure 0.20. Part E Fy FFT
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Part F: 180 degree Firing Parallel Twin

• Parallel Twin
• 180 degree firing offset
• Single balance shaft with 2 moment cancelling bob weights
•

Results

Figure 0.21. Part F Force Results at 2931 rpm

Figure 0.22. Part F Moment Results at 2931 rpm
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Figure 0.23. Part F Force Results at 9000 rpm

Figure 0.24. Part F Moment Results at 9000 rpm

•

Picture

Figure 0.25. 180 Parallel Twin Configuration
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•

3D FFT’s from a 2500-9250 rpm sweep

Figure 0.26. Part F Fx FFT

Figure 0.27. Part F Fy FFT

Figure 0.28. Part F Tz FFT
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Part G: 270 degree Firing Parallel Twin

• Parallel Twin
• 270 degree firing offset
• Single balance shaft with 2 moment cancelling bob weights
•

Results

Figure 0.29. Part G Force Results at 2931 rpm

Figure 0.30. Part G Moment Results at 2931 rpm

Figure 0.31. Part G Force Results at 9000 rpm
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Figure 0.32. Part G Moment Results at 9000 rpm

•

Pictures

Figure 0.33. 270 degree Parallel Twin Configuration

•

3D FFT’s from a sweep of 2500-9250rpm

Figure 0.34. Part G Fx FFT
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Figure 0.35. Part G Fy FFT

Figure 0.36. Part G Tz FFT
Part H: Boxer

• Boxer Twin
• 0 degree firing offset
•

Results

Figure 0.37. Part H Force Results at 2931 rpm
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Figure 0.38. Part H Moment Results at 2931 rpm

Figure 0.39. Part H Force Results at 9000 rpm

Figure 0.40. Part H Moment Results at 9000 rpm
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•

Picture

Figure 0.41. Boxer Configuration
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Part 2: Reducing Reciprocating Mass

•

Results

Figure 0.42. Lighter Piston Pins Results at 2931 rpm

Figure 0.43. Lighter Piston Pins Results at 9000 rpm

Figure 0.44. Lighter ConRod Results at 2931 rpm
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Figure 0.45. Lighter ConRod Results at 9000 rpm

Figure 0.46. Bushless ConRod Results at 2931 rpm

Figure 0.47. Bushless ConRod Results at 9000 rpm
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Figure 0.48. 2 Ring Piston Results at 2931 rpm

Figure 0.49. 2 Ring Piston Results at 9000 rpm

Figure 0.50. Aggressive Piston Results at 2931 rpm
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Figure 0.51. Aggressive Piston Results at 9000 rpm
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Appendix C: Result Verification

Table 0.2. Result Verification Spreadsheet Part 1
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Table 0.3. Result Verification Spreadsheet Part 2
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